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The chemistry of elastomer cure and in-service cegradation was monitored
with ESCA. This analysis indicate that the sulfur content decreased in curing,
and the oxygen content increased durira service. Heterogeneities were dis-
covered on failure surfaces: (1) clumns of ZnO particles, (2) aliphatic-rich
layers and (3) high sulfur regions. These all could-act as sites for crack
initiation. No aggregation of Zn0 was found in laboratory bliends, indepen-
dent of particle size and shape. SEM/EDAX was most valuable to confirm the
- conclusions from ESCA and to define the sub-microscopic aspects of the locus of
failure. Two different types of crack propagation surfaces have been identified
at the 1-1C um level: (1) granular and (2) smooth; the latter seem to be asso-

) ciated with "cabbage-leaf" abrasive wear at the macroscopic level, while the

g former is characteristic of large chunk failure. Swelling experiments showed

. little change after service, but TGA revealed a significant increase in volatiles
content. Both thermo- and mechano-oxidative degradation of the elastomer clear-
1y were caused by service conditions. These observations lead to a model in-
voking oxidative embrittiement and mechanical commination of the matrix, com-
bined with initiation of cracks at stress concentrations caused by material

l- “fnhqmogeneities, protrusions on the terrain, and compression and shear forces.
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An initial data base has been accumulated with surface and thermo-mechan-
. ical analysis that could provide useful structure-property information for
i further research and development of engineering e]astomers.7<<e
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ABSTRACT

This work focussed upon development of ESCA, SEM/EDAX, TGA, DSC and TMA metho-
dologies for synthetic elastomer compounds typically used in tank track pad service
by the U.S. Army. The initial goal was to develop a molecular model of the failure
mechanisms that lead to costly pad replacement. Expluratory measurements were con-
ducted on fully compounded, uncured rubber, and pre- and post-service track pads.
Studied also were laboratory-prepared samples involving variable matrix (SBR, EPDM
and 50/50 SBR/BR) as well as zinc oxide particle shape and size.

The chemistry of elastomer cure and in-service degradation was monitored with
ESCA. This anlysis indicate that the sulfur content decreased in curing, and the
oxygen content increased during service. Heterogeneities were discovered on fail-
ure surfaces: (1) clumps of Zn0 particles, (2) aliphatic-rich layers and (3) high
sulfur regions. These all could act as sites for crack initiation. HNo aggregation
of In0 was found in laboratory blends, independent of particle size and shape. SEM/
EDAX was most valuable to confirm the conclusion from ESCA and to define the sub-
microscopic aspects of the Tocus of failure. Two different types of crack propa-
gation surfaces have been identified at the 1-10 um level: (1) granular and (2)
smooth, the latter seem to be associated with "cabbage-leaf" abrasive wear at the
macroscopic level, while the former is characteristic of large chunk failure.
Swelling experiments showed 1itile change after service, but TGA revealed a signifi-
cant increase in volatiles content. Both thermo- and mechano-oxidative degrada-
tion of the elastomer clearly were caused by service conditions. These observa-
tions lead to a model invoking oxidative embrittlement and mechanical commination
of the matrix, combined with initiation of cracks at stress concentrations caused
by material inhomogeneities, protrusions on the terrain, and compression and shear
forces,

An initial data base has been accumulated with surface and thermo-mechanical
analysis that could provide useful structure-property information for further re-
search and development of engineering elastomers. {
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INTRODUCTION

Military tracked vehicles (e.g., tanks) and personnel carriers uti-
lize rubber track pads for the purpose of vibration damping, noise re-
duction, and preventing unnecessary damage to the terrain including con-
crete, asphalt, and macadam roadways; The majority of the track pads
used by the U.S, Army are the T142 and T130 types. The former is used
on the M48 and M60 series tanks and the latter on the M113 personnel
carrier,

The T142 type pad, appears as in Fiqure A.. They are approximately
11 inches long and 2 inches thick, and are adhecsively bonded to a steel
shoe. Mounting to the track 1is via a single 0.7 inch diameter stud which
is integral with the shoe,

There are many criteria these pads must meet before they will be
accepted by the Army., The current standard is Military Specification
(Hilséec), MIL-T--11891B, written in 1960,

Physical properties routinely tested include hardness, tear resis-
tance, ultimate tensile strength, and (added in 1972 ammendment) ozone
resistance. Also, tendile strength and elongation are tested before and
after aging for 70 hours at 158°F. Acceptable values for these tests are
given in the mil-spec. Actual test.procedures required are those of Fed-
eral Test Method Standard No. 601.

A road test of the pads also 18 required under the mil-spec. After

o break-in (on paved roads) of 15 miles at 10 mph, 15 miles at 15 mph, and

15 miles at 20 mph, the track pads then are tested for a distance and ave-

-1-
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rage speed determined by vehicle weight, For vehicles weighing 100,000 pounds
or more (such as the M60 series tank) the distance is 1000 miles and the ave-

rage speed 15 mph. At the conclusion of the road test, a visual inspection is
made for blisters, cracks, and other defects.

Another requirement of the mil-spec is that the rubber portion of the track
pad can be made entirely of synthetic rubber, i,e. no natural rubber. The mat-
erial cuirrently used by the track pad manufacturers is styrene-butadiene rubber
(SBR)., SBR has been the largest volume synthetic rubber in use for some time.
However, it does not necessarily follow that it always should be chosen for
current track pad applications.

The problem we are faced with is premature tank track pad failure, as
i1llustrated in Figure 1B. 1Instead of lasting (ideally) 2000 miles, many pads
fail in service after 200 miles or even less! TARADCOM has begun to focus on
this problem via contract research to VPI & SU, and others. Thus far, Mr. Patt
of TARADCOM has been submitting field service samples (e.g. good samples and
failures). We have examined these samples by thermal, mechaunical and surfece
characterization and are developing appropriate methodology to elucidate fail-
ure mechanisms which will ultimately result in the development of better elas-
tomeric materials,

The samples we have investigated so far, are grouped in the following:

A. Uncured: This is an uncured version of the SBR used on the track

pads. As compared with crosslinked rubber, these are
soft and pliable,

B, Feei-teated: These samples were ''peeled" from unused track pad and

believed to represent the crosslinked network of SBR on

the pads.
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C. Failed: These samples are from track pads that failed in service.

Pieces were taken from three different areas of pad, {i.e.

(a) leafy or layered, (b) pitted and (c) crumbly.

D. St. Joe'Zinc
- Co.: Three additional samples of SBR material similar to that

used in the track pads were supplied by the St. Joe Zinc

Company., The three samples differed cnly in the size of

the zinc oxide particles within the rubber. One con-
tains fine spherical zinc oxide particles formed by an ‘
American process, The zinc oxide in the sample is very

similar, but formed by a French process. The third one

contains coarse acicular particles formed by an American
orocess, These samples were solicited because experi-
ments showed high concentration of ZnD on the fracture
surfaces of field failure samples. These high concentra~

tions were not formed on the other surfaces of the sam-

ple. This led us to suspect that Zn0 might be involved
in the premature failure of the track pads. This will be

discussed in detail later,

’

E, N2 Fracture Preservice track pads were immersed in liquid nitrogen aund

This is intended to collect samples {rom weaker areas or

flow lines, which might be resembled to field fracture

H
then fractured with a sharp blow from a sledge hammer. i
1
{
{
{
AR surfaces, i
F. Goodrich: Two kinds of rubber, SBR and EPDM, were obtained from ,
B. F. Goodrich Rubber Company. We intend to investigate .

the possibility of fracture improvement as we change from K

b
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SBR to EPDM.
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s Actual formulation of the St, Joe samples 15 as follows:

[ W]
4 '

SBR 1500 -~ 65%, N 330 Carbon Black - 29%, Zn0 - 3%, Santocure NS - 1%, Stearic

Acid - 1%, and Sulfur - 1%,

vl ‘e types of experiments we have carried out are grouped in the areas to

oy which they pertain as follows:

I, Structure-property Relations

i A. Swelling !

B. Tensile Testing

i. I1. Thermal Properties ,d
1' a. TGA '
- B. DTA x

{ C. Accelerated Decomposition

ITI. Surface Analysis

A. SEM/EDAX fractography

d ) B. ESCA surface chemistry
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RESULTS

Swelling

Our first attempt at swelling experiments produced the results plotted
in Figure 2, These results are not necessarily representative because there
wag not sufficient time (2 1/2 hours) to reach equilibrium. The rapid initial
swell of the failled sample could be possible due to elastically stored mech-
ahical energy in the rubber network. Plotshof the result of our second swelling
experiment, conducted over a period of 55 hours, which probably allowed enough
time to reach equilibrium, are also shown in Figure 2. The lack of materials
prevented use of the uncured and peel tested samples in our second swelling
experiment.

The comparison between tﬁe St. Joe and the service failure swelling data
suggests that crosslink density per gse in the failed pads were not significant-
ly different, Additional work is needed to explain the premature failure.

Tensile Testing

Four standard dogbones of each material were tested in the Instron mach-
ine at a crosshead speed of 4 inches per nminute, either as received or after
heating 5 minute:r or 10 minutes at 325°C. The dogbones which were tested
"as received" showed tensile behavior, ultimate stress and maximum elonga-—
tion, very similar to those recorded in the TARADCOM report. The St. Joe

materlals correlated with the track pads.
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0 min, "as received" 5 min, @ 325°C* 10 min, @ 325°C
stress % elong. Stress 7 elong. stress % elong.
(ult.) (max.)

4100 psi 430 % 1020 182 510 83
4220 psi 455 % 1270 235 530 86
4070 psi 440 % 1210 231 530 83

(all data ¥ 8%)
*This relatively high temperature was initially examined as an approach
to accelerated degradation testing. Clearly, polydiene elastomer net-
works begin to degrade at much lower temperatures.

Progressive degradation is evident from the data gathered. The 5
and 10 minute degraded materials show higher initial strengths (at low
strain) due possibly to oxidation of the rubber and consequent decrease
in elasticity (slightly more brittle but stronger).

Fractographs of the fracture surfaces show no resemblance tou the
falled track pad fracture surfaces, zinc-oxide particles are not to be
found on the dogbone surfaces., The fact that particles were found on the
failed specimen surfaces quite possibly indicates that the rubber in the

track pads may not have been blended properly (layers of Zn0 particles

provide a surface for failure).

TGA

Initial studies showed that ten percent weight loss occurred at
approximately 370°C for the gervice failure material, and at approxi-
mately 440°C for the peel tested and St. Joe materials. These temper-
atures will be very dependent on the heating rate and atmosphere etc..
Much more research is needed and 18 in progress. However, the service
failure materials do show weight loss at lower temperatures which un-
doubtedly reflects a degradarion process different from the new wmaterialn

(See Figure 18). -8
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Degradation of the St. Joe materials at 440°C 1s attributed to
pyrolysis of the rubber. Degradation at 325°C corresponds to the first
marked weight lcss of the St. Joe rubber, at the somewhat rapid heating
rate of 40°K per minute. Slower heating rates and isothermal degradation
studies should be more revealing.

DTA (or DSC)

In different;al thermal analysis, heat flow (evolution or absorp-
tion) is measured as a furniction of temperature. The kransitions observed
in Figure 19 can be interpreted as exotherms due to oxidation of the

rubber, Such reaction exotherms can show correlations to the TGA weight

.loes, A combination of DTA (DSC) and TGA gives a very useful thermal

fingerprint of the test specimens which can be used to develop labor-
atory accelerated degradation tests.
SEM

EDAX detected Al, Cl, Si, K, Ca, Fe, and Zn in the bulk and in the
particles on the surface. The needle-like particles shown in fracto-
graphs are confirmed by ESCA and EDAX to be zinc oxide as was suspected,
The agglomeration of ZnC particles on the failure surfaces could certain-
1y be involved in the premature failure of the track pada. These layers
appear to be primarily “aliphatic" material derived from the polydiene
component of the SBR, The presence of the Zn0 particles suggest that the
blending of the rubber with the compounding ingredients, is inadequate. )
More intensive mixing with longer time cycles are suggested,

FPracture gurfaces derived from tensile test specimen showed no Zn0O ,

particles on the fracture surfaces of the controlled St, Joe materials.

y ——

On the other hand, the Zn0 particles were observed on the surtacep of the

failed pads. .1t would be of interest to observe whether inliomogeneities

-9-
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could be created in the control matcrials by reducing the blending time.
If this was feasible, additional depradation and tensile tests etc, could
be conducted and might be revealing.

The granular appearance of fractographs is believed to be signifi-
cant and probably results via the combined degradative action of stress,
oxygen and heat., Further measurements of swelling and thermal analyseils
(DSC, TGA, and TMA) should further elucidate these observations.

ESCA

ESCA detected C, 0, S, N, Zn, Cl1, and Si on the failure surface of
track psd materials., Carbon, oxygen, nitrogen, zinc and sulfur can be
accounted for as constituents of the rubber and its curatives. The zinc
wvas shown by EDAX to be ZnO, & curing agent. A post service failure
ESCA run showed an increase in the ratio of oxygen to carbon by a factor
of 4, This clearly reflects the oxidative degradation that is occuring,
especially at the surface. Oxygen can, of course more easily diffu. .
and react at the surface. Even the control surface show some limited
amount of oxidation. The failure surfaces are primarily "aliphatic" in
nature which is presumably derived from the polydiene component of the
SBR.

SEM and ESCA examinsation of (a) peel tested and (k) service failure
saaples (obtained by Dr. Dwight during a Jume 19, 1978 vieit to TARADCOM)
showed indications that deleterious inhomogeneities were present in the
tract pads as manufactured. Fracture surfaces showed aggregates of Zn0
particles and no aromatic (styrene) character was observed on laminar
failures compared to the bulk, as determined by ESCA.

St, Joe Zine Co. supplied three samples to elucidate the effects of

Zn0 size and shape.
~10~
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Swelling experiments and TGA showed that the St., Joe formulations
were very similar in network structure to the TARADCOM peel tesated sample,
as expected. However, significant thermo-oxidative degradation was in-
dicated by the TGA result on the Service Failed sample and confirmed by
the 4X increase in 0/C ratio determined ESCA.
Each of the St. Joe samples was failed in tension, before and after
exposure to 325°C for 5 and 10 minutes, and about 75% and 90% drop in
stress-strain properties was noted. However, SFM examinations of all
frngture surfaces never showed Zn0O, even in the case of high aspect-
ratio, acicular particles, Presumably this reflected very good wmixing, v
which should be emulated by the commercial elastomer systems. ’
Chunky fracture surfaces of degraded rubber were observed at pro-
gressively higher magnification and underscore the effects of mechano-
chemical and thermo-oxidative degradation: Micron-sized granular struc-
tures are created, and cracks propagate easily through this type of
watrix,
Our tentative conclusions based on the above results are: (1) Large-
scale batch blending as currently conducted probably does not produce a
uniform, homogenious track pad, (2) Inhkomogeneities such as Zn0 can form
aggregates which produces relatively weak reglons and (3) Service condi-
tions, which includea mechanical, thermal and oxidative degradation, fur-
thar weakening the rubber. Improvements may be possible via ilmproved
stabilization apprcaches (e.g. more and better antioxidants), although
nav elastomeric materials (e.g. rather than SBR) .may also be necessary to i
reflect the current use counditions for tank pads.
Optical microscopy has also been used to study the fracture surface )

of one failed pad. By comparison with the earlier specimens, it is clear

-11-
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that diffefent failure mechanisms are important, depending upon the time

to fallure. The short-life, chunk-failure new under investigation show
brittle, cleavage propagation over most of the failure surface. A few
small craters at the interfaceAbetween the pad and metal backing plate
appear to be the site of the fallure initiation.

The figures 3-5 are three successive enlargements of the areas of
concern. Small "craters" at the boundary between the metal bracket and
the pad appear to be the locus for crack initiation. Cracks then appear
to propagate in a brittle mode into the bulk of the pad, resulting in a
“"chunk failure". Scanning Electron Microacopy of the craters show small
bubbles and cracks. We feel this indicates a localized rapld degradation
of explosive proportions occurred here, ‘he combined pressures {rom the
service condition and micro~decomposition embrittle the rubber matrix,
providing easy crack propagation. SEM photo—micrographs.bf areas A and
B were similar. Both arcas have a multitude of mlcroscopic cracks char-
acteristic of track pad fracture surfaces observed previously. It appears
that degradation via crosslinking had transformed the rubber to a granular
structure in which many cracks are growing. We chose an intact side of
this track pad as a control, Even in this case, where the material looked
"like new" to the eye, microscopic degradation prevailed at the surface
giving micrographs with the appearance of "mud-cracking'.

We used one of the track pads supplied that had not been run in
sexrvice (Goodyear label), To try to draw out possible heterczeneities
without tank~type service, we first froze the intire pad and shoe in
1liquid nitrogen and separated the pad from the metal track shoe. lnci-
dentally, separation appeared tov occur at the metal surface because rust
formed uniformly on the surface immediately, whereas if adhesive had been

left on the shoe surface, then rusting would have been prevented or delayed.
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Subsequently, we froze the rubber pad In liquid nitrogen and then fractured
it with a sharp blow from a sledge hammer. Indeed, the pad fragmented in a
pecullar pattern that gave the appearance of being weakcr areas of "flow
lines" from processing. For example "weld-like" phenomena are sometimes
observed during injection molding.

We have completed SEM/EDAX of five different regions taken from the
liquid nitrogen fractured pad. However, no unusual features were observed
(le. zinc oxide particle concentrations) either physically or chemically in
field-service failures.

We investigated the possibility of utilizing the thermal mechanical
analysls (TMA) attachment of the thermal analysis unit to probe uncured,
cured, and tcsted elastomeric tank pad test specimen, TMA had the ad-
vantage of being rapid and eﬁploying rather small quantities of material,

Moreover, it is possible to use penctration, thermal coefficient of
expansion, or extension type measuraments. One might expect that compound-
ing unonuniformity, differing degrees of cure and oxidative stress induced
degradation could be investigated by this technique. This experiment pro-
duces data that are approximately proportional to a modulus—temperature
plot.

Our initial studies examined penetration vs, temperature for uncured
SBR and EPDM. Cured Goodyear and Firestone SBR pads, chunk failures in
pads run less than fifty miles and various Jong-run failure specimens. The
glass transition could be easily detected and was relatively invariant
{-31 to -42°C). Measurement of Tg by this method may well be 10 - 15°C
higher than lower frequency tests such as the torgion pendulum or rheo-

vibron.

As expected, the uncured ¢BR and EPDM was totally penetrated (90-100%)

..16_
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at 75°C. The cured and aged samples were anticipated to be penetrated “
f

much less. This was observed, but thus far the data are too scattered };
2

to establish a trend. Further studies, especially with higher loads, r
K

will be conducted. The extensional mode will also be examined, :
'

’

i

¢
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1.

3.

3,

6.

7.

SUMMARY

The objective of this research was to develop methods to characterize
the effect of chemical and physical phenomena occuring during track
pad failures., Exploratory measurements by a variety of Surface Anal-
ysis and Thermo-Mechanical Analysis techniques have been conducted.
Methodology was developed to obtain meaningful results on track pads,
both "as received" and after service failure,

Control data from standards were collected as a base of comparison for
(a) molecular structure of elastomer and (b) Zn0 particle size and
shape,

Several specimens from each of three classes of sample types were
analyzed: (a) uncured, (b) cured and (c) service failed.

ESCA was successfully applied to follow the cure and degradation of
elastowers. This constitutes the first appearance of this type study
in the literature.

Failure mechanisms were classified and preliminary models of molecu-
lar~level mechanisms involved in each type were developed.

The separate roles of materials and process variables were defined
and partially clarified,

An initial data base has been accumulated upon which to expand the
application of surface and thermomechanical analysis to research and

development problem: at TARADCOM.
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2.

3.

4,

5.

7,

CONCLUSIONS

ESCA is very useful to monitor the cnemistry of elastomer cure and
service degradation.

SEM/EDAX is a valuable tool for defining the submicroscopic physical
aspects of elastomer failure: the locus of fracture initiation and
propagation.

The combination of the above techniques provide data that permit an
initial understanding of molecular—level mechanisms important to the
formation and fallure of elastomer networks,

Three different types of failures have been identified: (a) chunking,
(b) leaf and (c) granular,

Unexpected heterogeneities were discovered, indicated: (a) clumps of
Zn0 particles, (b) thin, "aliphatic” rich polydieue Jderived surface
layers and (c¢) high sulfur and silica filler regions. These could all
act as sites for crack initiation.,

Thermo-oxidative degradation of the elastomer can be dete cted that
clearl 1s caused by service conditions. This serves to embrittle
the matrix via excessive crosslinking, thus rendering crack propaga-
tion easier.

Continued in depth studies are required to (a) obtain statistically
significant information on failure mechanisms, (b) establish preci-
sion and accuracy of measuremeats, (c) establish generality of appli-
cation and (d) explore thermo~mechanical tecbniques that could provide

ugeful structure property information.

-19-
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APPENDIX 1

SCANNING ELECTRON MICROSCOPY (SEM)

| -AND-

ENERGY DISPERSIVE ANALYSIS OF X-RAYS (EDAX)




A versatile tool such as the scanning electron microscope (SEM) has
many material characterization capabilities. For our particular problem
the SEM was used along with attachments to take fractographs (photographs
of fractured surfaces) and to do an energy dispersive analysis of X-rays
(EDAX).

The principle of the SEM 1s illustrated schematically in Fig. 5.
Elecérona from a filament are accelerated by a voltage and directed down
the center of an electron optical column consisting of two or three map-
netic lenses. These lenses cause a fine electron beam to be focused onto
the specimen surface, Scanning coils plared before the final lenses con-
trol the rastering of the electron beam across the sample surface. The
same circuit which controls the scanuing coils in a cathode ray tube
(CRT). As a result, the position of the electron beam on the sample in
the SEM.and on the CRT display are synchronized,

The electron beam incident on the specimen surface caused various

phenomena, of which the emission of secondary electrons 18 the most common-

ly used to form high resolution images. The secondary electrons strike
a detector and the resulting current is amplified and used to modulate
the brightness of the CRT, Consequently, an image of the surface is pro-
gressively built up on the screen, Because of the great depth of field
of the SEM, the image produced is of dramatic three dimensional quality
and promotes fractographic analysis,

Since the SEM nas no imaging lenses, any signal that arises from the
action of the incident electron beam (reflected electrons, transmitted
electrons, emitted light, X-rays, etc.) can be used to form an image on

the CRT screen. In a different type of ﬁode, the X-rays emitted from the

-71~
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gample are used to provide information about the nature and amount of
: ! elements present in the material., This type of analysis can be used on
the surface or in the bulk material, depending on the energy of the inci-

dent electron beam. In this method, known as energy dispersive analysis

of X-rays, the photon is converted into an electric pulse which is pro-

' li portional to the energy of the X-rey. This pulse is amplified, converted
t to a voltage pulse, and fed into ~ multichennel analyzer. The analyzer

‘ F l' sorts out the pulses according to their energy and stores them in the

memory of the correct channel. The resulting spectrum can be displayed
l- on a CRT, plotted on a chart, or printed our numerically, From this,
l the elements present can be determined since the individual energies of

the X-rays emitted are characteristic of the different elements.

e = e e & M > e
-
.

| SEM's
[» - ST— i
" Figure No. Degcription
b 7 Zinc oxide particles - peel test sample
8 Zinc oxide particles - field service failure
i ' 9 Granular failure surface showing increasing magnificaticn of
' : crack tip region
ot 10 Top - "Mud cracked" appearance of pad surface that looks per-
fect by eye
‘ Bottom - More granular field failures
: i1 11 St. Joe Zinc Company ''model" specimens tensile failure sur-—
! f taces
‘ ; Top - after 300°C for 10 minutes
|
! Bottom - as vreceived (cured)
Note differences in these surfaces compared to field failure
surfaces
i 12 "Cabbage-leaf" type field failure, series of {ncreasing magni-
l fications
}) i
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APPENDIX 2
X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

OR

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA)
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ESCA
One of the most ideally suited technique=s used to investigate the !

1 chemical nature of surfaces 1is Electron Spectroscopy for Chemical Analysis

(ESCA). The instrument employed is composed of five basic components:

(1) source, (2) sample compartment, (3) electron energy analyzer, (4)de-

[ tector, and (5) readout system., The source produces an X-ray beam which

} b is directed into the sample compartment where it impinges upon the mater--

‘ t ial to be studied, causing the ejection of electrons as illustrated in

§ ) ‘ Fig. 13a, The electron energy analyzer sorts the resulting electrons

; according to their kinetic energies (KE) and focuses them on a detector

-- at the output. The detector produces an electrical signal proportional

to the intensity of the emitted photoelectrons from the specimen and the

PR i A e U A M S

readout system translates it into graphic form., From the kinetic energy
and the energy in the X-ray beam (hv), the binding of an electrnn can be
calculated by the relationship Eb(e_) = hv-KE. The binding energy is
characteristic of the element from which the electron is ejected. The
quantity of electrons detected for each different KE valuc 1is proportion-
al to the concentration of the element,
Moreover, changes in the chemical environment of an atom in a mole-
L cule produce chemical shifts in binding energy. These shifts reflect
changes in chemical bonding or oxidation states and may be used to follow
such changes on the surface as shown in Fig, 13b,
ESCA analyges were performed on cross-sections of the bulk on each
of the track pads and also on three uncured compositions. The latter spec-
imens were obtained independently from commercial sources,
The uncured samples all had higher oxygen and sulfur concentrations
. o than any TARADCOM samples, It was encouraging to observe shake-up satel-
i‘ { li lites i{n the SBR, but not in EPDM; thus our ESCA technique can distinguish

~31~
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between aromatic- and ali-hatic- containing rubbers in these control samples,

Two of the six track pads recently raceived from TARADCOM had high
oxygen concentrations, and they were also the only ones that had seen
service, This apparent thermomechanical oxidation was seen in the first
samples, too. All bulk cross-gections of track pads showed aromatic char-
acter (shake-up satellites).

ESCA analysis of the fracture regions show increesing amounts of
oxygen and C-O0 bonds, and the absence of any aromatic (styrene) character,
Certainly oxidative degradation in service is indicated. We are unable
to determine whether the styrene cowmponent was thermolyzed in service or
was absent from these regions as manufactured.

The quantitative analysis of the ESCA spectra that we have collected
on track pad compositions, ranging from uncured to cross-linked to field
terted to fallure are listed in Tables 1-4.

The first eight entries in Table 1 were cut from varioug field tested
track pads stocked at TARADCOM. The last five samples in Table 1 were
taken from the pads sent in November 1978, Oxidative degradation is in-
dicated by the oxygen concentrations, ranging from 3 - 12%. Sulfur on
the other hand was detected only on one sample, and is 1Z in that case,

Table 2 1ists the ESCA results from six ‘ured ("as received") track
pads before field testing or service. Oxygen ranges lower, bectween 1 and
6%, and shake-up satellites (indicative of the styrene component) are
usually apparent. Also, sulfur was normally detected at a bit less than
1z,

Four uncured compositions were studied and the results are listed in
Table 3. Sulfur concentrations are significantly larger, ranging from 1
to 5%. Oxygen content was also higher than expected. Only in the 100%
SBR was a shake-up salellite apparent in the carbon region.

-33-
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In summary, sulfur concentration decreases upon vulcanization; its
cxidation state is low and unchanged., Oxygen also decreases during cure.
After track pad service, oxygen contert increases and failure surfaces
show high-energy carbon pcaks from carbon-oxygen bonding. The aromatic
component is absent from failure surfaces. These results provide an
initial data base for ESCA analysis of rubber track pad compositions,
Although the full significance of the data is yet to be determined through
continued experiments, we have shown that ESCA is a valuable tool to
follow the chemistry of vulcanization and thermo-oxidative aging in those
elastomers,

ESCA analyses on five different samples taken from separate regiusns
of one of the unused Goodyear track pads are summarized in Table 4;
evidence for considerable chemical heterogeniety is clear. High oxygen
concentrations occur at both rubber/metal and air interfaces, At the
interface with the metal shoe, the radically different composition
probably reflects the presence of adhesive, (Control samples of these
adhesives would help clarify this analysis,) A significant amount of
oxidized sulfur (169eV, sulfates) was found in the middle of the track
pad, as well as the crosslink sulfur (163.5eV). There were very small or
non~existent shake up satellites on the fracture surfaces. It is tempt-
ing to conclude that failure under stress in track pads tend to propagate
through regions of inhomugeneous composition. In general, these regions

show anomalously high concentrations of oxygen, zinc or sulfuvr, and low

concentrarions of styrene rubber component, \
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SUMMARY

ELECTRON SPF_TRQOSCOPY FOR CHEMICAL ANALYSIS

(ESCA)

I. SURFACE CONSTITUENTS DETECTED
#¢, 0,8, N, 2n, Cl, Si
II. POST SFRVICE FAILURE
A. RATIO 0/C INCREASES 4X
B. ALIPHATIC ON SURFACE
AROMATIC IN BULX
III. CONTROLS
A. FOLLOW CURE & SERVICE CHEMISTRY

B, DEFINE PAD UNIFORMITY

ENERGY DISPERSIVE ANALYSIS OF X~RAYS

(EDAX IN SEM)

I. BULK CONSTITUENTS DETECTED
* Al, Si, C1, K, Ca, Fe, Zn
II. SURFACE PARTICLES

* Zno
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APPENDIX 3

THERMAL AND MECHANICAL ANALYSIS
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{ Swelling

A swelling experiment is desigued to determine the relative % cross-
( links of different samples on a comparative basis. This can be done since

the % weilght gain 1s inversely proportional to % crosslinks in the material.

Also, with a few calculations the average molecular welght between cross-—
! 1links can be determined. However, the quantitative aspects are well known
| to be not well resolved in filled elastomers.

[ The procedure for carrying our a swelling experiment by the gravi-

1 | metric technique is given as follows, Specimens weighing approximately

2 gm each are cut from the samples to be tested and are placed in a stop-

R

P pered flask containing enough swelling svlvent, such as toluene, to cover
the specimens. Perlodically the specimens are removed, blotted dry with

: filter paper, and rapldly weighed. (The work should be carried ocur rapid-

T e 8

TR Al a2

ly to avoid loss of solvent by deswelling and evaporation, causing the

gauple weight to drift downward.) This should be repeated until the

samples reach their equilibiium degree of swelling (2-3 days), When equil-

brium is reached, the final constant weight can be used to determine the
! % weight gain and *the average molecular welght between crosslinks (Mx)
from the following equations.

% weight gain = wq:zg x 100

w
o]

X welght gain = 1
crosslinks

equilibrium wolume Vg-w 4 Vv
after swelling -L 8 0
H k ! P Py
o b equilbrium concentration
of the polymer

u
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average molecular ux--v (c1/3~c/2)
welght betwecn

crosglinks

1P2

(In(1-c) + ¢ chz)
where W swollen wt,

W original wt,

Py density of solvent

P, density of polymer

Vl- moldar volume of the solvent

Xl- polymer—~solvent interaction parameter

Tenglle Testing

Because many polymers are widely used for their mechanical proper-~
ties, some measure of these characteristics is essential. Tensgile testing
provides one with much of this kiand of information. A tensile testing
machine, such as the Inston, 1s required.

In short, a dogbone sample is held between two clamps and is pulled
apart at a constant rate until the sample breaks. (The pulling rate is
known as the rate of strain and can be varied to suit the material being
tested.) Since the upper clamp contains a load cell, the force developed
is weasured continuously as the sample is elongated. This information 1s
recorded as a force versus elongation plot. From measuring the original

cross sectional area and the original length of the sample, a stress versus

.strain plot, can be made, Stress—strain curves serve to define the modulus,

yield stress and elongation at break, and other pertinent information used
in characterizing the material,

After pulling the sample apart, the two fracture surfaces can bhe kept
to make fractographs or used for a chemical analysis of 1its surface,
TCA

Thermogravimetric analysis (TGA) 1is a dynamic technique in which the
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height loss of a sample 18 measured continuously while its temperature

is 1ncreased at a constant rate. This 1{s done by placing the sample in

[

a furnace while being suspended from one arm of a precision balance., The

main use of TGA in application to polymers has been in studies of thermal
decomposition and stability. A differential thermal analysis trace
provides knowledge of the temperatures at which a thermal event occurs,
and TGA tells whether the event is accompanied by weight loss.

A small initial weight loss, such asg that from w to L generally

results from desorption of solvent, If 1t occurs near 100°C, this is

usually assumed to be loss of water. Iu the example in the figute,

extensive decomposition starts at Tl’ with a weight loss W mw Between

1"
T2 and T3 another stable phase exists, then further decomposition occurs,
DTA

Differential Thermal Analysis (DTA) 1is a techmnique for detecting

the thermal effects accompanying physical or chemical changes in a reac-

tion, by means of programmed heating or cooling.

A common DTA instrument includes the sample, a reference material,
and a chamber contained in a heating block with an electrical heating
element, Thermocouples placed fn the centers of the sampnle and refer-
ence measure their temperature and also the temperature difference bet- l
ween then,

In a typical DTA experiment, the temperature of the heating block

18 programmed to increase linearly with time, The reference material is

selected to be thermally inert except for slight changes in heat capacity j
with temperature, At the start of the experiment, the block, sample, and ;
reference are all at the same temperature. As the block temperature rises, ) ‘

the temperatures registered by the thermocouples at the centers of the

{

t { sample and reference rige more slowly due to the finite heat capacities of
|

\

gg thege material., Soon a steady state is reached, however, 1n which the |
~41- |
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temperatures all rise uniformaly with time, and the temperature difference bet-
ween the sample and reference is zero,

As the temperature reaches the glass—transition temperature of the
sample, its heat capacity changes abruptly., The sample now absorbs more heat
because of its higber heat capacity, and its temperature lagging behind the re-
feraence ig increased. 1Its temperature therefore changes more slowly than that
of the reference, with the results indicated in Fig. 19,

Similarily, other changes in the sample may occur as the block temperature
is increased, For example, crystallization Tc and oxidation Tox are exother-
mic reactions while melting and decomposition are endothermic.

Accelerated Decomposition

In trying to determine the cause ot fallure in rubber materials, unfailed
material is sometimes put through an accelerated decomposition process in an
attempt to obtain results that are similar to the original falled material, In
the case of our tests, unfailed material was heated in an oven for various
periods of time. The temperature of the oven was determined by looking at a
TGA run of the falled material. Next, test runs were made and the temperature
was adjusted to allow the sample to be heated a minimum of ten minutes without
burning. The samples were then heated in the oven and tensile tested after
they had cooled tu see if they were approaching the characteriscics of the
failed material. Other tests such as DTA and TGA could also be done to compare

the material,
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